INTRODUCTION
Intraoperative neurophysiologic monitoring (IONM) is a valuable technique for assessing the nervous system. It replaces the neurologic examination when the patient is under general anesthesia and cannot cooperate with a face-to-face examination. It allows for assessment of many neural structures including the neuromuscular junction, peripheral nerve, spinal cord, brainstem, and cortex during surgery. One goal of this review is to summarize the techniques used for IONM of the spine.
The most commonly employed techniques during spinal procedures are: (1) transcranial motor evoked potentials (Tc-MEPs), (2) upper and lower somatosensory sensory evoked potentials (upper and lower SSEP), (3) pedicle screw simulation, and (4) spontaneous electromyography (EMG). A number of other techniques have been used over the years that include direct spinal cord stimulation and reflex monitoring.
This review is broken up into three sections: one discusses the basic techniques used, another one discusses the application of these techniques in different common surgical procedures of the spine, and the third one discusses the typical qualifications for personnel involved in IONM.
TECHNIQUES

Trancranial motor evoked potentials
Tc-MEPs have been used to perform intraoperative monitoring for more than 20 years. [8, 27] They have been available on a routine basis since the approval of the first device designed to producing them by the FDA in 2002. The Tc-MEP involves applying a train of highvoltage stimuli to electrodes on the surface of the head to activate motor pathways and produce either a motor contraction (muscle MEP) or a nerve action potential (D-wave) that can be recorded.
Basic physiology of Tc-MEPs in the awake patient
In a normal awake patient, electrical stimulation of the cortex/subcortical white matter with a single electrical pulse produces a number of responses that can be recorded by an epidural electrode placed over the upper thoracic spinal cord [ Figure 1 ]. The first of these waves is called the direct or D-wave and the succeeding waves are termed indirect or I-waves. The D-wave is the orthodromic nerve action potential that results from stimulating white matter directly. [1] It involves no synaptic activity. The I-waves represent the volleys produced by the cortical neurons that were excited by the same stimulus. These require synaptic activity and are hence strongly suppressed with general anesthesia. This is important because of the characteristics of the anterior horn cell which is the final common pathway for all motor responses. [55] These cells respond optimally not to single stimuli but to multiple sequential time locked stimuli. Thus, an anterior horn cell will fire easily in response to a train of stimuli, but will not fire readily with just a single stimulus.
Trancranial motor evoked potentials and anesthesia
The clinical importance of the physiology described above is that a single stimulus applied to the scalp of an awake person may produce a muscle contraction because of the train of D-and I-waves reaching the anterior horn cell. However, under general anesthesia, a single stimulus may not be effective since the I-waves are diminished and the anterior horn cell sees only the single D-wave. In addition, during general anesthesia, there is a reduction in spontaneous activity in the interneurons of the spinal cord, reducing the overall level of excitation reaching the anterior horn cell. During clinical IONM studies, these problems are overcome by using trains of stimuli rather than single stimuli [ Figure 1 ]. As the depression of intrinsic spinal cord activity is greatest with the halogenated anesthetic agents and nitrous oxide, these agents should generally not be used for the recording of muscle MEP. [57] Despite the recommendation against certain anesthetics, muscle MEP responses can be recorded in the presence of low-dose halogenated agents such as isoflurane, sevoflurane, or desflurane and/or low concentrations of nitrous oxide. The clinical question relating to the use of these halogenated agents during monitoring is "When there is a change in the muscle MEP during surgery, can the monitoring team be certain that it was not due to the effects of anesthesia?" This is a complex question because the effects of the inhalational anesthetic agents on evoked potentials are not simply related to the end-tidal concentrations of the agents but also on other factors such as the time over which the anesthetic has been administered and the presence of prior nervous system injury. It is much better not to use precious time answering this question when there is an intraoperative change, and so the use of the halogenated anesthetic and nitrous oxide should be avoided. The use of total intravenous anesthesia (TIVA) with propofol is preferred when monitoring muscle MEP because it suppresses this response to a lesser degree than the inhalational agents. Other intravenous agents such as ketamine or etomidate may be helpful in obtaining the muscle MEP. Narcotics do not cause problems with the muscle MEP although the benzodiazepines may. Since the D-wave is purely a nerve action potential and does not involve synaptic activity, it is relatively insensitive to the effects of anesthesia. 
Stimulus parameters and trancranial motor evoked potentials
The train stimuli used during TC-MEP range in amplitude from about 75 to 900 V, with maximal currents up to 0.9 A. The stimulation voltage and current required is markedly dependent on the type of electrode used. The highest current levels are required if EEG cup electrodes are used. Lower thresholds are seen with subdermal needle electrodes and corkscrew electrodes. The duration of each pulse is between 50 and 500 msec. [17] The longer duration pulses are associated with a lower threshold. The number of pulses ranges between 3 and 12, with the frequency of the pulses at 150-500 Hz.
Safety and complications of trancranial motor evoked potentials
Safety and the prevention of complications are important issues when discussing motor evoked potentials. [53] Safety is an issue for two major reasons: first because of the high voltage and high current delivered during stimulation, there is risk of tissue injury or shock to OR personnel who inadvertently touch stimulating electrodes during stimulation. The second risk is that the spread of current can cause direct stimulation of the trigeminal nerve, causing jaw contractions. The most common complication of Tc-MEP is tongue bite. It is prevented by placing soft spacers between the teeth. It is not optimal to use a hard plastic "bite block" because of the risk of damage to teeth. One effective approach is to make two large cotton wads from 4 × 4′s and place them bilaterally between the molars on each side. Another problem is that the patient may move during the elicitation of the Tc-MEP. It is important to make sure that the surgeon is aware of this possibility prior to performing each test so that that patient does not move during a critical surgical maneuver. In patients at risk for seizures, it is common to perform the Tc-MEP study provided that the stimulus is not given very frequently. There is a tiny risk for seizures, and the monitorist should be vigilant and the surgeons aware of this possibility. If a patient undergoing Tc-MEP has an implanted defibrillator, it is prudent not to perform the study unless there is a very high risk of motor injury. In that case, consultation in advance with a cardiologist is suggested. For patients with a pacemaker without defibrillator, although the risk of damage or aberrant firing of the pacemaker is low, the issue should be discussed with a cardiologist in advance.
Electrode locations for performing trancranial motor evoked potentials
Stimulating electrodes are typically placed over the C1 and C2 locations (located midway between the traditional C3 and C4 electrode positions and Cz in the 10-20 system) which are near the motor cortex. Other locations including more lateral placements may optimize stimulation in some patients. Midline stimulation may be helpful at times for eliciting responses from the lower extremities. However, even with these placements, the point of maximal stimulation is not the cortex, but the deep white matter likely in the corona radiate. [26] This means that although the technique may not be sensitive to cortical injury, especially if the stimulation level is far above the threshold, it would still be sensitive to injury to motor pathways in the brainstem or spinal cord. When there is risk to the cortex, direct stimulation of the motor cortex using subdural electrodes may provide additional information. [63] 
Muscle MEP
The muscle MEP is the most commonly used Tc-MEP. Recordings are of high amplitude and can be obtained with a single trial. Thus, they can provide the surgeon with nearly instantaneous information, unlike the SSEP which requires prolonged averaging. The problem with the muscle MEP is that the waveform is complex. Thus, many schemes have been devised to try to determine when there is a significant change.
Interpretative criteria for the muscle MEP
One criterion is the threshold criterion proposed by Calancie. [9] This criterion was based upon the fact that the stimulus threshold for obtaining a muscle MEP increases when there is damage to the corticospinal tract. Typically, increases of more than 100 V in the threshold for obtaining a muscle MEP are considered an early sign of injury. The difficulty with this criterion is that thresholds generally increase gradually during surgery and are significantly influenced by even small changes in anesthesia. [33] Another criterion that is often used is complete disappearance of the muscle MEP. Clearly, this indicates a significant change, but it does not always indicate a permanent injury. In a study [50] of monitoring during surgery for intramedullary spinal cord tumors, loss of the muscle MEP without more than a 50% change in the D-wave was associated only with transient neurologic deficits. The problem is that in most spinal surgeries, other than spinal cord tumors, D-wave recording is difficult and limited. [68] Other investigators [32] have proposed that a reduction in amplitude of 50% or more should be considered as significant. The problem with this is that there is quite a bit of natural variability in the muscle MEP, which may increase the false-positive and false-negative rate. Although some investigators have proposed other criteria, [47] they are not yet standardized.
The effect of pre-operative damage to the motor pathways and the trancranial motor evoked potentials
It should also be noted that the state of the motor pathways prior to surgery is very critical to the generation of the muscle MEP. If there is injury pre-operatively, even if the patient has good strength pre-operatively, the MEPs may be difficult to obtain. This is because activation of the anterior horn cell requires a highly synchronized volley of inputs that can easily be desynchronized by a minor disruption of conduction.
D-wave
Because the D-wave has a simple morphology and is insensitive to anesthesia, criteria for interpretation are much simpler than for the muscle MEP. It is generally considered [16] that 50% decline in amplitude is an appropriate alert criterion. Disappearance of the D-wave is generally associated with a significant neurologic deficit. Although this technique is very powerful and responses can be obtained even in the presence of neuromuscular blockade with a single stimulus, it does have some limitations. First, it must be recorded with an epidural electrode. Second, it is difficult to record below the mid-thoracic region. Finally, the changes in the configuration of the spinal canal during deformity surgery can lead to changes in the D-wave, and thereby limit its use in these cases. Despite these limitations, D-wave recording remains particularly important during spinal cord tumor surgery. [31] Upper and lower extremity somatosensory evoked potentials
The SSEP [ Figure 2 ] was the first effective means for monitoring the function of the spinal cord during surgery. [42] In the upper extremity, [65] this involves stimulating a peripheral nerve which is usually the median or ulnar nerve near the wrist. Alternate sites of stimulation may be used if needed. These include the radial nerve between the thumb and first finger on the dorsal surface of the hand, and the median nerve or the ulnar nerve at the elbow. In the lower extremity, the typical site of stimulation is most typically the posterior tibial nerve at the foot. Alternate stimulation sites include the peroneal nerve at the fibular head and the tibial nerve in the popliteal fossa.
Anatomy of the somatosensory evoked potential
Impulses from the upper and lower extremity travel back to the spinal cord utilizing different pathways. The impulses from the upper extremity are conducted to the spinal cord through the peripheral nerve and brachial plexus where the ERB' s point potential is generated. These fibers synapse in the dorsal column nuclei, where in response to upper extremity stimulation, the N13 potential is seen. The fibers then pass through the medical lemniscus in the brainstem and reach the thalamus where the upper extremity SSEPs generate part of the N20 potential. Arriving at the primary sensory cortex, the upper extremity SSEPs generate a cortical N20 and P22.
From the lower extremity, somatosensory potentials travel past the popliteal fossa where the popliteal potential is generated before they reach the lumbosacral plexus. As the impulses from the lower extremity enter the cauda equina, a lumbar potential (N21) is generated. Both the popliteal and lumbar potentials can be difficult to record, especially in patients who are overweight. The orthodromic action potentials then travel along the dorsal root and enter the spinal cord posteriorly. Most of the fibers monitored with this technique travel in the dorsal columns although there is evidence that some do travel in the dorsal spinocerebellar pathways. [51] The lower extremity SSEPs, when arriving at the cortex, produce the P37/P40 potential.
Of note, the slower conducting fibers in the spinothalamic pathways are not monitored by this technique.
Criteria for change in somatosensory evoked potentials
In comparison with the Tc-MEPs, SSEP responses are very low in amplitude and require prolonged averaging. Therefore, depending on the ambient level of noise, the time required to determine if a significant change has occurred may be 3-5 minutes or more. SSEP responses have a simple waveform, and so are simpler to quantify than the muscle MEPs. Injury to the large fiber dorsal column pathways is typically expected when there is a >50% decrease in amplitude or 10% increase in latency Interpretation of what represents a significant change remains controversial because of intraobserver variability and because the optimal criteria for determining when there is a significant change are very dependent on the type of procedure. [60, 61] However, since some of the potentials recorded clinically are 2-3 synapses away from the stimulus, they can be sensitive to anesthesia and this will influence the criteria for significant change as well. The SSEPs generally are thought to have a high specificity but low sensitivity to injury. One of the primary times when the SSEP is most critical during spinal operations is when sublaminar wires [35] are passed. The reason for this is the possibility of direct damage to the dorsal columns during this maneuver, which may not be detected utilizing motor evoked potentials, as the latter primarily monitor the lateral columns of the spinal cord.
Spontaneous electromyography
The recording of spontaneous EMG activity from a muscle provides information on the state of the peripheral nerves that innervate that muscle. Compression or stretch of a nerve as well as hypothermia and ischemia produce depolarization of the axons resulting in the appearance of spontaneous action potentials. These action potentials subsequently produce contractions of muscle fibers that can be recorded by electrodes placed in the muscle.
Theoretical limitations of spontaneous EMG recording
There are a number of important clinical issues regarding these responses. The first is that the spontaneous activity in the different axons during injury is not synchronized so that there is generally no large-scale muscle movement; rather, there may be only contractions of a few fibers at a time. Thus, the placement and type of the recording electrodes is critical since spontaneous activity may be noted in one location and not another within the same muscle. [6, 29] In addition, it is important to distinguish any intraoperatively recorded EMG activity from the fibrillations caused by chronic denervation of muscle fibers or fasiculations produced by chronic injury to axons and anterior horn cells. The main factor that will help distinguish these types of activity from the effects of acute nerve injury is that fibrillations and fasiculations take weeks to develop, and so will be present from the beginning of the recordings. It is also important to note that if a patient begins to awaken from general anesthesia, there can also be intermittent muscle activity that might appear similar on the recording to the spontaneous activity. However, if a patient is waking up, there are increasing amounts of muscle activity over time and eventually these findings become continuous.
Patterns of spontaneous electromyography activity associated with nerve damage
One of the critical issues is which patterns of EMG activity are most highly associated with damage to the nerve. [7] The traditional answer is that high frequency discharges are more likely associated with true injury. Romstock [48] has classified this spontaneous activity into A, B, and C trains, and has indicated that the A trains which are characterized by high frequency activity are the most likely to be associated with significant injury. However, since the appearance of spontaneous EMG activity is due to depolarization of the nerve, sudden sharp section of the nerve may create no spontaneous activity.
Pros and cons of using spontaneous EMG activity
The most useful characteristic of spontaneous EMG activity is that it is instantaneous. Alternatively, the most disadvantageous factors attributed to spontaneous EMGs include its extreme sensitivity to neuromuscular blockade, complex criteria for significant abnormality, and dependence on anesthesia. [59] 
Triggered electromyography
For instrumented spinal fusions, electrical stimulation facilitates proper screw placement. The most common use is to determine whether a screw that has already been placed is properly located. The basic principle [10] is that if the screw is electrically close to one of the nerve roots, then electrically stimulating the screw will activate the nearby nerve root at a lower current level. The term "electrically close" means that a low-resistance pathway exists between the screw and the nerve. This could occur because the screw is physically close to the nerve, or because there is a low impedance pathway between the screw and the nerve. This can occur if there is, for example, a breach of the medial wall, or in the setting of very severe osteoporosis. Toleikis has demonstrated [64] in a study of 662 [67] patients that lumbar pedicle screws with thresholds less than 10 mA (with a stimulus duration of 0.2 msec) should be inspected. Screws with a stimulation threshold less than or equal to 5 mA were most often misplaced, while screws with stimulation thresholds greater than 10 mA were generally well placed.
Factors that may confound the interpretation of triggered electromyography responses
Although the technique for interpreting triggered EMG responses appears simple, there are a number of potential issues that may confound the evaluation of results. The first is that if the nerve root has been previously injured, the threshold will rise, and it is possible that a high threshold may be recorded even when the screw is electrically near the nerve. If the monitorist is not certain that the nerve root under study is uninjured, it is sometimes possible to stimulate the nerve root directly. For spinal nerve roots, the threshold for stimulation is typically at a current of approximately 2 mA. Significantly higher thresholds might indicate nerve damage that could falsely elevate the threshold for stimulation of the pedicle screw. [23] As a double check, it is often helpful for the monitoring team to review with the surgeon any screws with a threshold markedly higher or lower than the other screws in a given patient. Another problem with the pedicle screw stimulation technique is that the thresholds may be elevated by even moderate amounts of neuromuscular blockade. [39] Another important issue is that some pedicle screws are galvanized or coated with a non-conducting surface layer. These screws [2] may be difficult to stimulate and may have aberrant electrical properties. The monitorist must be aware of these potential issues as well as the issue that current shunting can markedly change the results of stimulation. This can occur if the rod is placed before the screw testing occurs or if there is an extremely high level of saline near the stimulated screw to shunt the current away.
Threshold levels vary with spinal location
It is also important to know that the [14, 40, 45] threshold level that optimally classifies abnormal screws will vary depending on the location of the screw because the anatomy of the thoracic pedicles is different from that of the lumbar pedicles.
Other monitoring techniques to facilitate screw placement
There are other techniques that may assist the surgeon with placement of pedicle screws. These involve continuous stimulation of the tools producing the screw holes and testing the screw holes before the screw is placed. [64] Although these techniques may be helpful, norms are less clearly defined than with the stimulation of screws once they are in place.
H-reflexes and F-waves
There has been significant interest in using H-reflexes and F-waves as a means to monitor the function of the spinal cord and proximal nerve roots during spine surgery. As in Figure 3 , the F-wave appears when a peripheral nerve is stimulated. With stimulation, the action potentials travel both toward and away from the periphery. The impulses that travel toward the periphery activate the muscle and produce the M response or compound motor action potential (CMAP). Action potentials traveling toward the spinal cord reach the anterior horn cell which then sometimes fire an impulse back toward the periphery. This is the F-wave. In addition, action potentials traveling proximally along sensory fibers enter the dorsal horn of the spinal cord and can activate the monosynaptic reflex arc and produce an H-reflex. The F-and H-waves are distinguished by a number of factors. The F-waves have clear variability in latency that is not seen with the H-reflex. The F-wave is best seen with supramaximal stimulation, but the H-wave is best seen with stimuli of intermediate intensity. F-waves and H-reflexes offer the opportunity to monitor part of the proximal nervous system in a different way than the SSEP or muscle MEP. The problem is that like the muscle MEP, they are strongly dependent on anesthesia. Some authors have demonstrated the clinical utility of these methods which are still not considered part of the standard clinical practice. [3, 34, 56] 
Direct spinal cord stimulation
Spinal cord stimulation techniques, originally championed by Owen, [13, 30] involved stimulating the spinal cord either directly or through a long intraosseous electrode. Recordings were made from peripheral nerves. This technique was originally proposed as a means of monitoring motor function that could be achieved even with total paralysis since only the peripheral nerve action potential was recorded, and not the muscle response. However, collision studies [66] have demonstrated that the responses are mainly the result of conduction along large fiber somatosensory pathways similar to those used by the SSEP, and hence this technique does not provide additional information to that already conveyed by the SSEP and MEP. Table 2 compares these techniques when used as an indicator of peripheral nerve injury. 
SPECIFIC APPLICATIONS
Detecting intraoperative spinal cord injury
Although it does have some limitations, neurophysiologic monitoring is a relatively new technique that can be very helpful in preventing injury to the nervous system.
The first limitation relates to the overall frequency of neurologic injury during an operation. If the frequency of injury during a particular surgery is extremely low, the type of monitoring utilized must be highly sensitive and specific in order to provide useful information. When the frequency of injury is relatively high, monitoring need not have the same sensitivity and specificity in order to be helpful. This is illustrated in Figure 4 where Bayes theorem is used to determine the probability of a warning (W) being associated with a true injury (I). In this Figure the conditional probability P(I|W) (the probability that there is a real injury when a warning is issued) is plotted as a function of the a priori probability that there will be injury, P(I), in a given surgery. Multiple plots are generated for different values of P(W|NI) the conditional probability that a warning (W) is issued when there is no injury (NI) (false-positive rate). The probability that a warning is given for every injury is taken as 100% (P(W|I) = 1.0) in creating the plots. It is clear that when the probability of injury is small, the false-positive rate must be very low in order to produce warnings that have a high expectation of being correlated with a true injury. The anterior cervical discectomy with fusion (ACDF) illustrates this point. In one study of monitoring during ACDF surgery, the incidence of cord injury in patients who did not have pre-operative myelopathy was less than 0.1%. [58] In this same cohort, it was found that there was no difference in outcome for patients who were monitored versus those who were not monitored. [58] In scoliosis surgery, the risk of spinal cord injury is much higher than with the ACDF, roughly 0.3-0.8%. Thus, the likelihood that monitoring will be helpful is increased. [4, 15, 36, 52] In one large scoliosis series involving the correction of deformity, the overall rate of postoperative new neurologic deficits was 0.8%. [52] The muscle MEP was 100% sensitive in detecting postoperative paraplegia, while the SSEP was only 43% sensitive. Alerts were issued in 3.4% of procedures. Since the actual number of postoperative deficits was only 0.8%, the probability of an alert being associated with a postoperative neurologic deficit was only 24%. It is important to understand that not all warnings that are not associated with a postoperative neurologic deficit are "false positives." It is possible and desirable that once a warning is issued, the surgeon and anesthesiologist are able to make changes that prevent a permanent injury. Some warnings may be attributed to transient hypotension that is rectified after the warning. In other cases, a warning may lead to alteration of the surgical procedure that may have prevented neurological injury. These results described above are typical of those found in other studies, [11, 18, 19, 41, 43, 46, 49] some of which are shown in Table 3 . In particular, Malhotra [37] suggested the importance of multimodality monitoring in order to increase sensitivity and reduce false positives. In this review of the literature, monitoring provided false-negative results in 0-0.79% of cases, while false-positive warnings were provided in 0.6-1.38% of cases. Taking the rate of postoperative neurologic injury as 0.8%, then false-negative results would occur at a rate of 0-100% of the neurologic injury rate. Warnings were issued at a rate between the neurologic injury rate and twice that rate. Much of the data regarding specificity and sensitivity is difficult to interpret because of different patient populations, different levels of surgical skill, and different criteria for the interpretation of monitoring. In addition, studies also differ significantly on whether patients with baseline abnormalities are excluded or included. They also differ by the percentage of patients in which reliable recordings can be achieved, which in some studies can be on the order of only 90%. When Fehlings [20] performed a meta-analysis of studies on monitoring during spine surgery, he found that IONM is very sensitive and specific for detecting intraoperative neurologic injury; nevertheless, the level of evidence supporting the claim that response to an alert improves outcomes could not be clearly documented. This is expected, since the users of IONM feel strongly about its clinical value, and hence a prospective randomized trial would be impossible. In many studies, the advantage of using both the SSEP and Tc-MEP (multimodality monitoring) over using either modality alone has been suggested. One large survey, [44] however, did demonstrate improved outcomes in patients who had intraoperative monitoring.
The
Neurophysiology Research and Education Consortium (https://www.nrec.info) is beginning in the next 6 months a national database regarding intraoperative monitoring that, once completed, will allow information from any monitoring team to be entered in an Health Insurance Portability and Accountability Act (HIPAA) compliant manner. This will help provide additional insight into the value of IONM.
Intraoperative monitoring for peripheral nerve injury
There are a number of types of peripheral nerve injury that may occur during spine surgery. Injury may occur Figure 4 : Illustration of the effect that the a priori probability P(I) has on the probability that a warning is associated with true injury when a warning is made with every injury (100% sensitive) and varying levels of false-positive warnings P(W|NI). W = warning, I = injury, NI = no injury, P(W|NI) is the conditional probability of a warning when there is no injury during positioning to the ulnar nerve [12] or brachial plexus. [25, 54, 69] SSEP and muscle MEP have been shown to have some value in potentially detecting these injuries.
When should monitoring be used?
One important question in the current climate of costeffective medicine is determining which spine surgeries should be monitored. One answer to this question is that every case should be monitored because even if there is a tiny chance that a patient could benefit, then some patients will have improved outcomes. Beyond this, there are a number of cost-effectiveness arguments that can be applied. One of the arguments relates to the cost of responding to a warning. Each time a warning is issued by the monitoring team, a number of events occur. This includes the surgical and anesthesia teams double checking what they are doing. Very commonly attempts will be made to increase the blood pressure, administer medications, or change the level of anesthesia. Thus, there is a cost in terms of OR time and medications involved with a response to a warning. The cost of this is C o (W), the operative cost of responding to a warning. The total cost would be C o (W) × P(W), where P(W) is the probability that a warning is issued. In addition, there is a cost to providing the monitoring for each case C m , which is not dependent on the rate of issuing a warning. The cost saved by responding to a warning is the cost of an injured patient C(I) multiplied by the chance that monitoring will prevent an injury. This is the probability that a warning is issued P(W) times the conditional probability that the warning is associated with a true injury P(I|W) (probability of injury given a warning) times the probability that a true warning can be acted on to prevent injury PC. Thus, the total cost of monitoring is C m + C o (W) × P(W) − C(I) × P(I|W)P(W) × PC. If this number is positive, then monitoring is not cost effective. If it is negative, then monitoring is cost effective. Consider some very rough estimates. For a scoliosis procedure, the cost of providing a warning may be $1000 [both C o (W) and C m ] and the cost of an injury being permanent paraplegia might be $10,000,000. If PC is say 0.5 (the surgeon can prevent injury in half of cases where there is a true injury), then since P(I|W) is on the order of 0.24 (above), then the above equation for total cost will read as 1000 − P(W) × 1,250,000. Thus, if P(W) is greater than about 0.1%, monitoring is cost effective. Using the numbers quoted above for scoliosis, monitoring would be very cost effective, but at least for the investigators cited above regarding ACDF, the advantage would be marginal. In surgical procedures where the cost of an injury is less, monitoring becomes cost effective by this calculation only when the risk of injury is high. This is not the complete calculation for the cost effectiveness of monitoring because it did not include the advantages that might be gained if the costs of monitoring were used for another service that might benefit the patient. In fact, the cost estimated above needs to be compared not to zero but to the cost that might be saved by using the amount C m for another patient care expense that could also help prevent injury. Consider the case of a surgeon who performs three spine surgeries a week. The total cost of monitoring for these cases would be conservatively estimated at $150,000/year. This might be enough for the surgeon to hire an additional physician's assistant and a nurse just to take care of these three patients every week. It is hard to estimate the advantage that hiring these additional medical personnel would have, but it is clear that the advantage will be more in the medically ill elderly patient than in the medically healthy young person. This is especially true since there is a known 2-10% rate of making errors in writing medication orders, [5, 22] which might be prevented by additional staff. Thus, the advantage of monitoring remains clear for the younger patients undergoing scoliosis surgery, but for the elderly patient with multiple comorbidities undergoing ACDF, there is more rationale to consider the option of not providing monitoring.
PERSONNEL
IONM is performed at two levels. The first is a technical level that involves placement of electrodes, setting up monitoring equipment, and performing the testing as described above. The other level is the interpretative level that involves deciding which testing is appropriate for a given surgical case and elucidating the clinical meaning of any change in the waveforms during the procedure.
The practice of monitoring
Practitioners at these two levels, however, cannot practice solely within the narrow boundaries described above. The practitioners who perform the technical level of monitoring must understand the interpretative process or else they will not be able to function efficiently. By the same token, interpreting providers must understand all aspects of the equipment being used and the technical problems that might arise which could interfere with signal acquisition.
Working with a team
Because responses to changes in the monitored waveforms need to be acted on quickly in order to prevent injury, it is critical that this team be highly trained, and work well with both the surgical and anesthesia teams. This, in particular, means that it is not optimal for a new monitoring team to arrive in the OR and just start working with a particular surgeon and anesthesiologist. It is important that the surgeon and monitoring team share expectations and protocols in advance. There must also be ongoing discussions between the monitoring team, and surgical and anesthesia teams beyond the contact that occurs during provision of services to individual patients in order to enhance quality assessment (QA) and quality improvement (QI) activities. This will also be an important venue in which to bring forward new monitoring techniques and new clinical problems, for joint discussion.
Credentials for intraoperative monitoring at the technical level
What are the credentials and training considered to be important for the technical level of monitoring, as defined by national societies? The appropriate credential is the Certification in Neurophysiologic Intraoperative Monitoring (CNIM) through the American Board of Registration of Electroencephalograpic and Evoked Potential Technologists (ABRET) (www.abret.org). Although there are a number of different pathways, the candidate must have performed at least 150 surgical monitoring cases, passed a written examination, and hold either a bachelor's degree or another credential in neurodiagnostics such as the R.EEG.T or R.EP.T (registered EEG or EP technologist). ASET (www. aset.org), the society that represents neurodiagnostic technologists, goes further and has created a number of job descriptions for technologists in which there is a graded level of supervision for technologists depending on their level of education, experience, and the credentials they hold. Technologists with limited experience will require personal supervision by a provider who has a higher level of skill, while very experienced technologists may perform well with purely remote supervision of the interpreting provider. The level of supervision is indeed critical. First, ASET and American Society of Neurophysiologic Monitoring (ASNM) (www.asnm. org) oppose unattended monitoring which is defined by intraoperative monitoring delivered by an electronic device when a provider who understands and can control the functions of the device and its connections is not present. Second, it is clearly preferable that the provider who interprets the recordings be present in the operating room. This is often not feasible, and so a remote monitoring system is used. In this system, a provider of the technical level of monitoring is physically present in the operating room and the interpreting provider is at a distance reviewing the acquired waveforms in real time. Often the interpreter is reviewing many simultaneous studies. This requires that the remote computer link is reliable and secure. There should be plans in place for how interpretative services will be delivered in case of a networking problem. The remote interpreter should be fully involved in the case and should be aware of the patient's medical history. The patient should also have been informed that this model is being used and given the names of the interpreters who might be involved prior to surgery. Finally, the remote interpreter must be able to respond quickly and not review so many simultaneous cases that individual attention to each is impossible.
Interpretation of intraoperative neurophysiologic monitoring and the practice of medicine
It is useful to begin by recalling a statement of the AMA House of Delegates Resolution 201 June 2008: "…it is the policy of the American Medical Association that supervision and interpretation of intraoperative neurophysiologic monitoring constitutes the practice of medicine, which can be delegated to nonphysician personnel who are under the direct or online real time supervision of the operating surgeon or another physician trained in, or who has demonstrated competence, in neurophysiologic techniques and is available to interpret the studies and advise the surgeon during the surgical procedures." It is important to dissect this statement. Every state has laws that define what constitutes the practice of medicine. In the state of New York, according to the 2010 New York Code Title 8 Article 131-6521: "The practice of the profession of medicine is defined as diagnosing, treating, operating or prescribing for any human disease, pain, injury, deformity or physical condition." Similar statements are issued by other states. The AMA policy is consistent with this definition of the practice of medicine. However, a physician is not the only person who can make a diagnosis or treat a patient. For example, a physical therapist may treat a patient with back pain. The general principle under which providers whose activities are not explicitly prescribed by the state medical code function is by delegation from a physician. It has always been the ability of the physician to delegate medical activities to non-licensed providers, provided that they have appropriate training and supervision and that there are no regulations that forbid the delegation of the particular service to a specified provider. It is thus important for an operating surgeon who delegates the interpretation of intraoperative monitoring to a nonphysician check relevant law in the state and make sure that the person to whom this service is delegated has the appropriate credentials, education, and training. It is also important to recognize that the physician delegating that service remains responsible for it.
The state of Ohio presents an interesting application of the above principles in regard to diagnostic electromyography (EMG). The state allows the physician to delegate nerve conduction studies to non-physicians because definite criteria for performance and interpretation exist but not EMG because it cannot "safely be performed according to exact, unchanging directions" (State Medical Board of Ohio-Your Report-Summer 1999).
There are outstanding non-physician practitioners of IONM whose interpretative skills can provide great benefit to the patient, but it is very important to be sure, based upon state laws and regulations, that the process of delegation is consistent with good medical practice and consistent with state law.
Credentials for interpreting IONM
What are the credentials and training considered to be important for the interpretative level by national societies? There are a number of board certifications that directly apply to the field of IONM. The first is the American Board of Neurophysiologic Monitoring (ABNM) (www.abnm.info) which offers a written and oral examination leading to the DABNM or diplomate of the ABNM. This certification requires that the provider have a doctoral degree, have taken graduate level courses in neuroanatomy and neurophysiology, submit proof of training, and have taken the primary responsibility for interpreting at least 300 cases. 
Policies for practicing intraoperative monitoring
Regarding policies for the practice of intraoperative monitoring, the ASNM (www.asnm.org) and the American Clinical Neurophysiology Society (ACNS) have issued a number of evidence-based guidelines relating to the science underlying IONM. The American Academy of Neurology (AAN) (www.aan.com), ABRET-LAB (www. abret.org), and American Board for Neurophysiologic Monitoring Programs (ABNMP) (www.abnmp.org) have each issued policies regarding the practice of IONM. The ASNM has published a white paper [24] regarding credentialing and IONM.
SUMMARY
Ttrancranial motor evoked potential
A. Tc-MEP using muscle responses (muscle MEP) provides an effective means of monitoring motor pathways in the spinal cord. Although optimal warning criteria have not been elucidated, simple criteria such as disappearance of the response are very useful guides. B. Care must be taken to prevent injury and to assure that anesthesia does not affect the muscle MEP responses. C. Significant changes in the muscle MEP during scoliosis surgery bear a strong correlation with cord injury.
D. Although D-wave monitoring is limited to cervical and upper thoracic cord and requires an epidural recording electrode, it is helpful in addition to muscle MEP monitoring because it is not anesthesia dependent, is not dependent on neuromuscular blockade, and has simple criteria for interpretation.
Somatosensory evoked potentials
A. Upper and lower SSEP can be used to monitor the dorsal column (and possible dorsal spinocerbellar) sensory pathways during spine surgery. B. Changes in the SSEP have a high specificity but low sensitivity for detecting spinal cord injury.
Continuous and triggered EMG activity
A. Continuous EMG is one technique that detects peripheral nerve injury quickly and easily. Its use is limited by the fact that not all injuries produce spontaneous EMG activity. It is also limited by the fact that the criteria for determining which types of activity are associated with significant injury. B. Triggered EMG is an excellent technique for determining whether lumbar pedicle screws are properly placed. Use of the technique for screws in other locations may be helpful although normative data are less clear. C. Multimodality monitoring (SSEP + Tc-MEP + EMG) provides the surgeon with optimal information about the state of the nervous system. This helps to increase sensitivity and provide the surgeon with additional information on the specificity of any warnings issued.
Use of monitoring
A. IONM has a high sensitivity and specificity for detecting injury. B. In procedures where there is a high risk of severe injury, monitoring is clearly critical to improving outcomes. C. The advantage of monitoring during procedures with a low risk of injury or where the expected injuries are minor is not well defined.
Personnel
A. It is critical for IONM to be helpful that it be performed by practitioners skilled at both the technical and interpretative aspects of monitoring. B. The activities of the monitoring team must integrate well with those of the surgical team and the anesthesia team, and should involve joint QA and QI activities. C. The monitoring team must be able to respond quickly to changes in the recorded signals and provide the surgeon with appropriate interpretations in real time. D. The surgeon and/or hospital responsible for the monitoring services must be sure that each provider has adequate training and supervision and all delegation of interpretations is consistent with each state's practice of medicine regulations.
